Introduction
IL-2 mediates the regression of certain human malignancies. Clinical trials demonstrate that response rates with IL-2 therapy for melanoma and renal cell carcinoma are superior to the best regimens of conventional chemotherapeutic agents (1) . IL-2 therapy has, however, been associated with the development of systemic toxicities of sufficient severity to limit therapeutic efficacy and preclude clinical application for many patients (2) . Whereas the dissociation of toxicity from antitumor efficacy for conventional chemotherapeutic agents has repeatedly proven unsuccessful over several decades, the mechanisms of toxicity of biological response modifiers are unique, and not necessarily the same as their antineoplastic mechanisms. Indeed, pentoxifylline has been shown to decrease IL-2 toxicity without affecting antitumor efficacy in a murine model (3) , and antiserum to asialo ganglio-n -tetraosyleramide (GM1), a cell surface marker for natural killer cells (4) , and anti-TNF antibody were also able to separate the efficacy from the toxicity of IL-2 therapy (5, 6). Thus, the possibility exists that a better understanding of the mechanisms of IL-2 toxicity may allow for an improvement in IL-2 therapeutic efficacy.
The IL-2-induced toxicities of primary clinical significance occur secondary to multiple organ edema and dysfunction in association with an IL-2-induced parenchymal lymphocytic infiltration. The mechanisms for this IL-2-induced lymphocytic infiltration and the associated multiple organ dysfunction are not completely understood. Lymphocyte-endothelial adherence and transendothelial migration are prerequisite for this massive, multiple organ lymphocytic infiltration. Whereas at least four molecular pathways of T cell adhesion to endothelial cells have been described (7) , the adhesion of IL-2-activated lymphocytes has recently been shown to be mediated by lymphocyte function-associated antigen-1 (LFA-1) 1 and very late antigen-4 (VLA-4)-related pathways in in vitro models (8) . The C-C chemokines have also recently been identified as important lymphocyte chemotactic factors. Both RANTES (regulated on activation, normal T expressed and secreted) (9) and macrophage inflammatory protein 1-␣ (MIP-1 ␣ ) (10) have been shown to attract T lymphocytes in in vitro models. Moreover, RANTES and MIP-1 ␣ have been shown to be chemotactic for natural killer cells in vitro (11) . These pathways of lymphocyte-endothelial adhesion have been extensively investigated in vitro (12) , but related mechanisms of lymphocyte recruitment into various organs have rarely been studied in preclinical models of IL-2 therapy. In the current study, we hypothesized that chronic IL-2 therapy would induce the secondary cytokines TNF-␣ , IL-1 ␤ , and IFN-␥ , and the C-C chemokines RANTES and MIP-1 ␣ , as well as increase the expression of specific adhesion molecules in organs infiltrated by lymphocytes.
Methods
Animals. 20 female C57BL/6 mice (18-20 g) were obtained from Charles Rivers Breeding Laboratories (Wilmington, MA) and fed standard laboratory chow and water ad libitum. Mice were allowed to acclimate to their surroundings for 3 wk before the experiments. Approval for this project was obtained from the University of Louisville Animal Care and Use Committee and was in compliance with guidelines of the National Institutes of Health.
Materials. Highly purified recombinant human IL-2 with a specific activity of 18 ϫ 10 6 IU/mg was a generous gift from Chiron Therapeutics (Emeryville, CA). Fluorescent labeled antibodies for flow cytometry studies were obtained from the PharMingen (San Diego, CA): PE-labeled anti-mouse LFA-1 (CD11a/CD18), FITC-labeled anti-mouse VLA-4 (CD49d), and PE-and FITC-labeled rat IgG 2A (as isotype standards). The immunohistochemical studies were conducted with the primary antibodies: hamster anti-mouse intercellular adhesion molecule-1 (ICAM-1) (CD54) and rat anti-mouse vascular cell adhesion molecule-1 (VCAM-1) (INCAM-110) (PharMingen). The link antibodies, peroxidase-conjugated goat anti-hamster and goat anti-rat IgG, were obtained from Accurate Chemical & Scientific Corp. (Westbury, NY). PCR primers were as follows: ␤ -actin sense GTGGGCCGCTCTAGGCACCA, antisense CGGTTGGC-CTTAGGGTTCAGGGGGG to give a 244-base pair product; TNF-␣ sense TGAGCACAGAAAGCATGATCCGC, antisense GGTG-GTTTGCTACGACGTGGGC to give a 297-base pair product; IL-1 ␤ sense CCAGGATGAGGACATGAGCACC, antisense TTC-TCTGCAGACTCAAACTCCAC to give a 447-base pair product; IFN-␥ sense TACTGCCACGGCACAGTCATTGAA and antisense GCAGCGACTCCTTTTCCGCTTCCT to give a 405-base pair product; RANTES sense CCCTGCTGCTTTGCCTACCTCTCC and antisense TGGGTTGGCACACACTTGGCG to give a 134-base pair product; and MIP-1 ␣ sense GTCTCCACCACTGCCCT-TGCTGTTC and antisense GCAGCAGGCAGTCGGGGTGTC to give a 618-base pair product.
Experimental design. Animals were randomly assigned to receive 0.1-ml intraperitoneal injections of either 5% dextrose (control) or 3 ϫ 10 5 IU of IL-2 (treatment group) every 8 h. Both groups of 10 animals received a total of 16 injections. 2 h after the last injection, the appearance and activity levels of mice were graded in a blinded fashion by two independent observers (J.A. Anderson and A.B. Lentsch) and scored on the following morbidity scale: 1 ϭ normal; 2 ϭ decreased activity; 3 ϭ ruffled fur, moving only with prompting; 4 ϭ moribund; and 5 ϭ dead.
At the end of the experiment, mice were anesthetized with 50 mg/ kg of pentobarbital intraperitoneally, and blood was obtained by cardiac puncture for a complete blood count, bilirubin, alanine transaminase, and blood urea nitrogen.
Isolation of total cellular RNA and differential PCR. Extraction of total cellular RNA was performed as described by Chomczynski and Sacchi (13) . An aliquot of 400 ng of the extracted total cellular RNA was then reverse transcribed to complementary DNA (cDNA) using the Geneamp RNA PCR protocol (Perkin-Elmer Corp., Norwalk, CT) and random hexamers to prime the reverse transcriptase and any excess of deoxyribonucleotines. Amplification of the cDNA products of the PCR required 2.5 U of AmpliTaq DNA polymerase and a final concentration of 3 mM Mg 2 ϩ . The "hot start" technique was used (14) with one bead of ampliwax per container (Perkin-Elmer Corp.). The primers for both murine ␤ -actin and the cytokine of interest were added in the same tube to a final concentration 0.5 mM each.
After a 2-min initial melting at 95 Њ C, the mixture was amplified for a total of 30 cycles, using a three-step cycle process that began with melting at 95 Њ C for 60 s, annealing at 59 Њ C for 90 s, followed by extension at 72 Њ C for 15 s. The final cycle was followed by a 10-min soak at 72 Њ C. 12 l of the product was electrophoresed using a 2-3.5% MetaPhor™ agarose gel (FMC Bioproducts, Rockland, ME) in Tris-borate-EDTA buffer at 5 V/cm for 1-3 h. The products were then stained with 1 g/ml ethidium bromide in Tris-borate-EDTA for 20 min, followed by two 15-min washes in distilled water. Ultraviolet illumination was used to visualize the DNA bands, and the gels were photographed with 665 negative/positive film (Polaroid Corp., Cambridge, MA). The negative film was used for densitometry (EC apparatus model EC910 transmission densitometer; Fisher Biotechnology, Cincinnati, OH), and the ratio of cytokine to ␤ -actin mRNA was calculated for each individual organ (the heart, kidney, liver, lung) from the densities of the products and expressed as a percentage of ␤ -actin. All primers used herein spanned at least one intron of genomic DNA. Therefore, any contaminating DNA was immediately identified since it would generate a larger than expected product.
Western blot analysis. To confirm changes in TNF-␣ mRNA as an accurate reflection of TNF-␣ protein production, we repeated the previously described experimental protocol and performed Western blot analysis on liver tissue from both control and IL-2-treated groups. Liver specimens were removed and placed in 50% glycerol in an antiproteinase buffer, snap frozen, and stored at Ϫ 70 Њ C. Samples were later homogenized, sonicated, and centrifuged at 100,000 g . The cytosolic and membrane protein-rich supernatant was saved for analysis. Protein concentration was determined by a standard protein assay (Bio-Rad Laboratories, Hercules, CA) using bovine serum albumin as the standard. 50 g of total protein was separated using 15% SDS-PAGE under reducing conditions. Subsequently, proteins were transferred to a polyvinylidene difluoride membrane (Millipore Corp., Bedford, MA) and dried. Membranes were incubated with hamster anti-TNF antibodies (Genzyme Corp., Cambridge, MA) at a concentration of 10 g/ml for 2 h at 4 Њ C. Membranes were then thoroughly washed and incubated with 0.18 g/ml of rabbit anti-hamster IgG antibodies conjugated to horseradish peroxidase for 2 h at 4 Њ C. Membranes were thoroughly washed and developed, using standard enhanced chemiluminescence methods with Luminor Reagent (DuPont, Boston, MA).
Wet/dry ratios. Whole organs were removed at the end of the experiment and lightly dabbed with tissue paper before weighing. The organs were then frozen at Ϫ 20 Њ C before lyophilization at 110 mTor and Ϫ 35 Њ C, and then reweighed for wet/dry ratios.
Histology. Tissue samples were fixed in 10% buffered formalin. The specimens were then embedded in paraffin and sectioned before routine hematoxylin and eosin staining. Lymphocytic infiltration was graded by two observers (J.A. Anderson and A.B. Lentsch) independently in a blinded fashion according to the following four-point scale: 1 ϭ no infiltration; 2 ϭ mild infiltration; 3 ϭ moderate infiltration; and 4 ϭ severely infiltrated.
Immunohistochemistry. Tissue samples were embedded in OTC compound and were snap frozen in liquid nitrogen. Sections (5 m) were cut, air dried, and fixed in acetone for 10 min, and then air dried once more. Primary antibody (ICAM-1 diluted 1:20 or VCAM-1 diluted 1:10) was applied directly to the dry slide and incubated for 1 h at room temperature. After three 2-min washes in 1 ϫ automation buffer (Biomedia Corp., Foster City, CA), slides were incubated with the peroxidase-conjugated goat anti-hamster/rat IgG, diluted at 1:200 for 30 min (Accurate Chemical & Scientific Corp.). Slides were then rinsed by three 2-min washes in 1 ϫ automation buffer before peroxidase staining with Liquid DAB (Zymed Laboratories, San Francisco, CA). Sections were then washed in distilled water, lightly poststained with hematoxylin (Biomedia Corp.), rinsed with distilled water, and mounted in permount. Controls were based on slides that were prepared identically, except for the substitution of automation buffer for primary antibody. Expression of ICAM-1 and VCAM-1 was assessed by an experienced pathologist (A.W. Martin) in a blinded fashion according to the following three-point scale: † ϭ mild; † † ϭ moderate; and † † † ϭ severe.
Analysis of LFA-1 and VLA-4 expression by flow cytometry. Spleens were removed and pressed through a stainless steel wire mesh to separate the individual cells that were suspended in PBS. All red blood cells were lysed using an ammonium chloride-EDTA solution and washed twice with PBS containing 0.1% sodium azide. The total cell count was determined with a hemocytometer, and 1 ϫ 10 6 cells were removed for two-color direct immunofluorescence staining, followed by quantitative analysis by flow cytometry. Antibodies to murine LFA-1 (labeled with phycoerythrin, red) and VLA-4 (labeled with FITC, green) were then added to the cell pellet and incubated at room temperature for 20 min. Isotypically matched control antibodies ( chains of rat IgG 2A ) were added to a duplicate tube. Cells were again rinsed with PBS/sodium azide solution before fixing in 1% paraformaldehyde buffer. The expression of LFA-1 and VLA-4 on 1 ϫ 10 4 cells from each tube was analyzed by flow cytometry on a FACScan ® (Becton Dickinson Co., Rutherford, NJ). Lymphocytes were selectively gated from a plot of forward versus orthogonal light scatter to assess cell size and granularity, respectively. The red (LFA-1) and green (VLA-4) fluorescent signals from the lymphocytes were plotted on histograms (data not shown). Cells from both control and IL-2-treated groups expressed LFA-1 fluorescence greater than the isotopic control background. VLA-4 expression overlapped 50% with the isotopic control. Mean fluorescent intensity of all cells was compared between the two groups.
Cytospins of splenocyte suspension. A suspension of 5 ϫ 10 5 splenocytes was taken, and the red blood cells were lysed with an ammonium chloride-EDTA solution before centrifugation and resuspension in 200 l of PBS. This volume was then loaded into a cytofunnel and centrifuged at 200 rpm for 5 min onto charged slides using a cytospin (model 3; Shandon, Inc., Pittsburgh, PA). After allowing the suspension to dry overnight, the cytospins were stained with WrightGiemsa before counting. 200 cells from each slide were identified as either small or large lymphocytes, eosinophils, polymorphonuclear cells, or macrophages. The results were expressed as a percentage of cells counted.
Results
Our data showed significant morbidity in the IL-2-treated group compared with the control group ( Table I) . The wellknown rebound leukocytosis of IL-2 treatment consisted of a significant increase in both circulating lymphocytes and neutrophils. IL-2 caused significant splenomegaly as determined by the increased size and wet weight of the spleen in the treated group (80 Ϯ 4 mg in controls vs 200 Ϯ 5 mg in the IL-2-treated group). Liver dysfunction in the IL-2 group was evident by a significant increase in bilirubin and aspartate transaminase, and azotemia was noted by a significant increase in blood urea nitrogen. Pleural effusions were consistently found in the IL-2-treated group but not in the control group.
Organ-specific changes in cytokine and chemokine mRNA were measured (Table II, Fig. 1 ). Of the three cytokines, TNF-␣ mRNA in the IL-2-treated animals most closely correlated with lymphocytic infiltration. The greatest amounts of TNF-␣ mRNA were found in the liver and lung, with a moderate increase in the kidney and no significant increase in the heart tissue. Western blot analysis on liver tissue from control and IL-2-treated mice confirmed increased amounts of TNF-␣ protein in IL-2-treated animals compared with controls (Fig.  2) . IL-1 ␤ levels were also significantly increased in the liver and lung of the IL-2 group compared with controls, but were undetectable in the kidney or heart of both the treatment and control groups. IFN-␥ levels were unchanged in the liver and lung but significantly decreased in the kidney and heart after IL-2 treatment. The chemokine RANTES was dramatically increased in all organs after IL-2 treatment, including the heart, Representative examples of mRNA for TNF-␣, IL-1␤, and RANTES mRNA in liver, lung, kidney, and heart. Thick bands in each example are the internal control ␤-actin. TNF-␣ mRNA was greatly increased in the liver and lung, moderately increased in the kidney, and not increased in the heart of IL-2-treated animals. IL-1␤ mRNA was increased in the liver and lung of IL-2-treated animals but undetectable in the kidney or heart. RANTES mRNA levels were increased in all organs after IL-2 treatment. (The corresponding data for all animals are shown in Table II.) which showed no lymphocytic infiltration. MIP-1␣ levels significantly decreased in the liver and lung after IL-2 treatment but were unchanged in the kidney or heart. Fig. 1 illustrates representative examples of PCR for TNF-␣, IL-1␤, and RANTES mRNA in liver, lung, kidney, and heart. Table III summarizes the effects of IL-2 on organ edema, lymphocytic infiltration, and tissue adhesion molecule up-regulation. IL-2 caused significant edema in the liver, lung, and kidney. The heart muscle was not assessed because of the lack of tissue. Significant increases in both ICAM-1 and VCAM-1 expression were seen in tissues that had significant lymphocytic infiltration after IL-2 treatment, but not in the heart, which had no lymphocytic infiltration in the IL-2 group (Fig. 3) .
Flow cytometry data showed a large increase in LFA-1 expression, and a smaller but still significant increase in VLA-4 expression in splenocytes from the IL-2-treated group compared with controls (Fig. 4) . A two-parameter fluorescent plot of LFA-1 and VLA-4 revealed a subset of cells that simultaneously expressed both adhesion molecules at a greater density than the control group. A representative example of a control and an IL-2-treated animal is shown in Fig. 5 . A plot of forward versus side scatter of light of the splenocytes showed that the IL-2-treated group contained a subset of larger, more granulated lymphocytes, which are likely to be natural killer cells (15) . The large granular lymphocytes induced by IL-2 treatment are also the splenocytes that express higher amounts of the adhesion molecules LFA-1 and VLA-4 on their surface. The morphology of the splenocytes was also assessed histologically (Table IV) , confirming a relative increase in large lymphocytes compared with small lymphocytes in the IL-2-treated group, which is consistent with a relative increase in natural killer cells. Polymorphonuclear leukocytes, eosinophils, and macrophages were also proportionately increased in the spleens of IL-2-treated animals.
Discussion
Multiple in vitro (7) (8) (9) (10) and in vivo studies of delayed-type hypersensitivity (16) (17) (18) have examined various cytokines and adhesion molecules in lymphocyte migration, but we believe ours is the first to identify the combined role of cytokines, chemokines, and adhesion molecules in IL-2-induced lymphocytic infiltration.
The cytokine TNF-␣ has been implicated in IL-2 toxicity in vitro (19) and is increased in the sera of patients receiving IL-2 therapy (20). Dubinett et al. (21) recently demonstrated that in situ up-regulation of TNF-␣ mRNA expression is associated with lymphocytic accumulation and pulmonary vascular leak in the lungs of IL-2-treated mice. We show that tissue TNF-␣ mRNA levels correlate with lymphocytic infiltration in the liver and kidney as well as the lungs, and confirm the presence of TNF-␣ protein in the liver.
The cytokine IL-1␤ has been shown to induce ICAM-1 in vitro (22) and to increase T lymphocyte binding to endothelial cell monolayers (23) . We found that IL-1␤ was increased in the liver and lung of IL-2-treated mice, but that IL-1␤ was undetectable in the murine kidney and heart. This suggests that IL-1␤ contributed to the massive lymphocytic infiltration into the liver and lung, and its absence in the kidney may explain the overall moderate infiltration seen despite the increased TNF-␣ in the kidney.
IFN-␥ production has also been shown to increase with IL-2, to induce ICAM-1 production (22) , and to influence lymphocyte migration in vitro (24) , but little is known about tissue-specific IFN-␥ production induced by IL-2 (25, 26) . In our in vivo model, IL-2 did not increase IFN-␥ in the liver and lung and showed a significant decrease in the kidney and heart of IL-2-treated animals. The reduced IFN-␥ mRNA in the kidney and heart may be related to the decreased lymphocytic infiltration in these organs. Populations of tissue macrophages are not uniform among various tissues (27) . Since tissue macrophages are the primary source of parenchymal IFN-␥, these findings also provide further evidence that the macrophage response to IL-2 is organ specific.
Lymphocyte integrin expression in dermal lymphocytic infiltration induced by a specific antigen is significantly inhibited by mAbs to either the LFA-1 (16) or VLA-4 (17), or both (18) . Our analysis of LFA-1 and VLA-4 integrins showed that both were increased on the surface of these activated lymphocytes in response to IL-2. The complementary ligands to LFA-1 and VLA-4 are ICAM-1 and VCAM-1, respectively. Briscoe et al. (28) found that endothelial VCAM-1 expression contributes to T cell extravasation at the sites of inflammation, and that subcutaneous TNF selectively promotes VCAM-1 expression on postcapillary venules. TNF-␣ causes up-regulation of ICAM-1 in the lung (29) . In addition, mAbs to VCAM-1 inhibit lymphocyte accumulation in delayed-type hypersensitivity in skin (30) . Our observations of an increased expression of ICAM-1 and VCAM-1 in the organs of animals treated with IL-2 are in accordance with current models of contact hypersensitivity (16) (17) (18) .
The C-C chemokines, including MIP-1␣ and RANTES, have been implicated in lymphocyte adhesion and trafficking (31, 32) . MIP-1␣ is released by activated T cells and attracts activated lymphocytes, including CD8 ϩ cytotoxic T cells (33, 34) . The literature regarding the functions of MIP-1␣, however, remains unclear. Recently, Zhou et al. (35) have shown that ex-ogenous MIP-1␣ in a cell culture system can inhibit T cell proliferation and activity. MIP-1␣ production may also be inhibited by other secondarily induced cytokines. Maltman et al. (36) showed that TGF-␤ can inhibit MIP-1␣ gene expression by bone marrow macrophages. Our studies suggest that MIP-1␣ is not the primary chemoattractant for IL-2-induced lymphocytic infiltration. Despite the well-recognized IL-2 activation of T lymphocytes, we did not find increased MIP-1␣ in organs infiltrated by lymphocytes in our in vivo studies. In fact, IL-2 treatment resulted in a significant reduction in MIP-1␣ mRNA in liver and lung tissues, whereas no significant alteration was seen in the kidney or heart.
RANTES is specifically chemotactic for T cells, monocytes, and eosinophils, and is maximally produced by T cells, fibroblasts, and renal mesangial cells a few days after activation by inflammatory mediators such as TNF-␣ and IL-1␤ (37, 38) . We show that RANTES mRNA is increased in multiple organs after IL-2 treatment but cannot alone account for the observed pattern of lymphocytic infiltration, since all tissues studied showed similar increases in RANTES but had markedly varying degrees of lymphocytic infiltration. RANTES may play a "promoter" role in the chemoattraction of IL-2-activated lymphocytes, but it requires a prerequisite secondary cytokine (TNF and/or IL-1␤) for migration to occur.
IL-2 induces organ-specific lymphocytic infiltration and the coordinated production of TNF-␣ and IL-1␤. These data suggest a role for the endothelial expression of ICAM-1 and VCAM-1, their corresponding ligands (LFA-1 and VLA-4), and RANTES expression as further possible mechanisms for this organ-specific lymphocytic infiltration. 
